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Navigating coastal groundwater 

challenges: advanced modelling 

and innovative data collection

N

a

v

i

g

a

t

i

n

g 

g

r

o

u

n

d

w

a

t

e

r 

s

a

l

i

n

i

t

y 

i

n 

(

c

o

a

s

t

a

l

) 

g

r

o

u

n

d

w

a

t

e

r 

m

o

d

e

l

s

TIAC 2026

Gualbert Oude Essink , Guilherme Emidio Nogueira, Daniel 

Zamrsky (IHE), Jude King, Joost Delsman, Marta Faneca

1. importance of coastal groundwater

2. groundwater models for water management

3. new data and AI methods to build these models 

4. examples model applications
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Å Coastal fresh groundwater is main water resource for ~50% of the coastal world population

Å Groundwater is important for drinking water, agriculture , industry , as well as ecosystems & river baseflows

Å Right now , fresh groundwater resources are threatened by excessive pumping , and reduced replenishments

Å Projected climate change impacts, inducing sea-level rise , will worsen this situation

Å We need quantified storylines on fresh groundwater availability under stress in data-poor coastal zones

Å These storylines should be linked to droughts, land subsidence, flooding, (human) health and biodiversity

Why this coastal groundwater modelling?

Depletion

results in 

subsidence

Image credit: USGS

Mega cities

Image credit: wikipedia

Image credit:India Water Portal

Drough t

Image credit: Piyaset/Shutterstock.com 
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Salinisation



GEF ID# 9686

drinking 

water

& health
salt damage 

crops

MAR

sealing

effects SLR

OFG: offshore 

fresh 

groundwater?

SGD: 

submarine 

groundwater 

discharhge

subsidence

overwash / 

flooding

sustainable 

extractions 

rates

Why do we need large scale (world, region, country) groundwater models?

Make more informed decisions

Å Identify priority areas in the world, region, country 

Å Identify drivers of risk 

Å Assess the trends and their magnitude

Å Assess their contribution to the risk

Å Assess potential solutions, like MAR

Relevant in data -scarce areas

One central database for hydrogeological data

Why variable-density groundwater modelling anyway? 

Å ~30% of the world population lives in the coastal zone

Å Mixing just 1 litre of saline water with 50 litres of fresh water can already make the water unsuitable for many uses

Å Groundwater salinity affects groundwater flow

https://deltalife.deltares.nl/september_2022_en/salinisation_the_slow_disaster



GEF ID# 9686

Open data 

sources

Hydrogeological 

data as basis

Open tools for 

clipping and refining

Feedback 

to database

Knowledge exchange 

and 

capacity building

Open software 

policy

Å Simplification of the reality

Å Quality of input and concept = quality of output

Å Perfect fit between field data measurements and model results is suspicious

Å Tool only useful when accompanied with of expert knowledge

However

Best practices groundwater (salinity) modelling



GEF ID# 9687

Use of water models in the Netherlands

EXAMPLE



National Water Model
since ~2005

Visualisation fresh water status
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Real-time simulations of e.g. 
drought and as a basis for modeling 
for water quality.

Integrating water quality, subsidence, 
sea-level rise, spatial adaptation, 
climate mitigation



Impact modules

Discharge

Water quality

Impact vegetation, 

Insects, birds, fish 

Water inlet stop

Loss of biodiversity, 

ecotopes

Investment in buffer 

capacity and 

water treatment

Soil moisture 

Chloride conc.

Image result for icon nature

Less yield

More irrigation

Loss of revenues

Higher prices

Higher irr. cost 

Water depth 

(minimal)

Lower load volume, 

Waiting time locks, 

Detouring

More storage

Less demand

Higher costs  

Discharge

Water quality

No water inlet

Corrosion

Investment in water 

treatment, 

water dilution

Discharge

Water quality

Soil moisture

Chloride conc

Hydrology Physical Economic
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https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiKyLu2zp_iAhVHZ1AKHcO9Bz8QjRx6BAgBEAU&url=https%3A%2F%2Fwww.onlinewebfonts.com%2Ficon%2F389579&psig=AOvVaw0ZsFLZa0_LCZ7R5GwZ1uDI&ust=1558081051571163


Some results of the National Water Model
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Base assessment freshwater - results

Water demand summer Groundwater levels (m)

Difference climate 

change 2050 scenario 

versus 2015

Water demand summer sandy area Lake IJssel level (in m MSL)

Supply for level control

Shortage for level control

Supply for flushing

Shortage for flushing

Supply for irrigation

Shortage for irrigation



Example of model result: Water balance NL (in - out), used 
by the Ministry of Water Resources and Infrastructure
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Mens, M. J. P., Pouwels, J., Weiler, O., Delsman, J. R., & Huismans, Y. (2024). De zoetwaterbalans van laag 

Nederland in een warmer klimaat. Deltares Report 11210362-000-ZWS-0001, 35.

Water demand Distribution Water supply

Waterbalance in dry summer under present climate

SHORTAGE (5)

Units in m3/s



Example of model result: Water balance NL (in - out), used 
by the Ministry of Water Resources and Infrastructure
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Mens, M. J. P., Pouwels, J., Weiler, O., Delsman, J. R., & Huismans, Y. (2024). De zoetwaterbalans van laag 

Nederland in een warmer klimaat. Deltares Report 11210362-000-ZWS-0001, 35.

Water demand Distribution Water supply

Waterbalance with +2 o warming and 0.4m sea -level rise

SHORTAGE (460) (was 5)

Units in m3/s



Example of model result: Water balance NL (in - out), used 
by the Ministry of Water Resources and Infrastructure
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Mens, M. J. P., Pouwels, J., Weiler, O., Delsman, J. R., & Huismans, Y. (2024). De zoetwaterbalans van laag 

Nederland in een warmer klimaat. Deltares Report 11210362-000-ZWS-0001, 35.

Water demand Distribution Water supply

SHORTAGE (615) (was 5)

Units in m3/s

Waterbalance with +2 o warming and 1m sea -level rise



Example of model result: Water balance NL (in - out), used 
by the Ministry of Water Resources and Infrastructure
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Mens, M. J. P., Pouwels, J., Weiler, O., Delsman, J. R., & Huismans, Y. (2024). De zoetwaterbalans van laag 

Nederland in een warmer klimaat. Deltares Report 11210362-000-ZWS-0001, 35.

Water demand Distribution Water supply

SHORTAGE (865) (was 5)

Units in m3/s

Waterbalance with +2 o warming and 2m sea -level rise



LEEG (CUSTOM)
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National Hydrological Instrument ïfresh-salt
since 2020

1. To facilitate variable -density groundwater and salt transport modeling for the óNHI 
communityô

ī Data: 3D salinity distribution groundwater, surface water salinity concentrations

ī Tools: Scripting to build density-dependent groundwater models, scaling, analysis, visualisation

2. Build a national variable -density groundwatermodel ñNHI fresh -saltò: 

ī Based on / consistent withófreshô LHM (currently v4.0)

ī For solicy studies salinisation in the Netherlands

ī Transparent and reproducible modeling process

Ą Reviewed by external reviewteam ( Artesia , BGR, Uni Muenster , Uni Utrecht)



Application: NHI fresh-salt
(National Hydrological Instrument)

iMOD-Water Quality model:

SEAWAT + M3TD + bells & whistles

39 layers, 1300 rows, 1200 columns

Å Fully scripted

Å In version control

Å One workflow from external data to figures

Openly available at:

https://gitlab.com/deltares/imod/nhi-fresh-salt
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https://gitlab.com/deltares/imod/nhi-fresh-salt
https://gitlab.com/deltares/imod/nhi-fresh-salt
https://gitlab.com/deltares/imod/nhi-fresh-salt
https://gitlab.com/deltares/imod/nhi-fresh-salt
https://gitlab.com/deltares/imod/nhi-fresh-salt


LEEG (CUSTOM)

3D interpolated present-day groundwater salinity (mg Cl/L)

Å Present-day groundwater salinity

Å Extended model 20 km seaward

Å Vertically detailed model layers

Å Constructed using Toolbox NHI fresh-salt

Å 250 x 250m, 39 layers (31M active cells)

Å Runtime ~ 2 days for 100 year simulation, 

parallel (16 cores) and after speed-ups

Delsman, J.R., Oude Essink, G.H.P., Huizer, S., Bootsma, H., Mulder, T., Zitman, P., Romero Verastegui, 

B., 2020. Actualisatie zout in het NHI - Toolbox NHI zoet-zout modellering en landelijk model, 

Deltares rapport 11205261-003-BGS-0001. Utrecht.
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LEEG (CUSTOM)
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Reports for the Delta Program Freshwater



GEF ID# 9687

Use of groundwater and subsidence models in the 
Mekong, Vietnam



Mitigation scenarios

Non-mitigation
scenarios

Key messages: 
Man-induced subsidence 
exceed sea-level rise.
Groundwater extraction 
largely determines future 
elevation.
Flooding risks increase 
seriously, even when 
extractions stop.
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Scenarios of future groundwater extraction pathways Future elevation of the delta

Among others based of this research, óDecree 167ô has been implemented in Vietnam in the Law of Water 

Resources : develop and implement zoning plans to restrict groundwater overexploitation

Example storyline: Pathways to demonstrate the future Mekong delta: 

linking groundwater extraction       subsidence       increased flood risk

Also model resolution of 1*1km2
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Developments in groundwater salinity modelling

Data

1: Airborne groundwater salinity mapping and citizen science , using monitoring devices for salinity

2: AI LLM Data mining hydrogeology , using Large Language Models, new global databases

3: Integrating techniques from 0D/1D/2D data to 3D model input (e.g., groundwater salinity, geology)

Model

4: Parallel computing plus smart model parameters

5: Paleo -reconstructions to improve initial groundwater salinity distribution

Knowledge sharing

6. (Open) python tools, open sources, GitHub, repositories, webportals , 

Making building & running parallel large -scale groundwater salinity models possible
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GEF ID# 9686Innovations to build large -scale 3D variable -density GW models

Building 
models

groundwater in 
deltas and 

coastal zones

1. Airborne 
salinity 

mapping, 
citizen 

monitoring 2. Data 
mining 

hydrogeologic
data, global 

data

3. 
Interpolation 
techniques 
for geology 
and salinity

4. Parallel 
computing, 

speeds up to 
100 times

5. Paleo 
reconstruction 

salinity

6. 
Reproducible 
workflows & 

(python) 
tools 

Six key innovations

Verkaik, J. et al., 2021. Adv. Water Resources



Component 1 : Airborne groundwater salinity mapping

International: 

Å Project in Flanders, Belgium 

Å Pilot Mekong, Vietnam

resistivity

lithology

chloride concentration

fresh
salt

clay
sand

low

high

peat

Ålithological model and soil measurements

Ą translation into chloride

ÅValidation with ground truth measurements

Å3D distribution chloride concentration 

Method:
Combination helicopter measurements with knowledge 
about subsurface and processes in fresh-saline 
groundwater, and geostatistical mapping via (multiple) 
indicator kriging.
Results:
Å Mappingof 3D groundwatersalinityand claylayers

FRESHEM NL (2022-2025)

FRESHEM Zeeland
Applications:
Å strategicfreshgroundwaterusers & policy makers
Å support ASR (COASTAR) in coastalzone
Å identify brackishwater potential
Å improvegroundwatermodels& monitoring
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Delsman et al., 2018



Component 1: Citizen science, using simple monitoring devices
for salinity, especially in data-poor areas

N
a

v
ig

a
ti
n

g
 g

ro
u

n
d
w

a
te

r 
s
a

lin
it
y 

in
 (

c
o

a
s
ta

l)
 g

ro
u

n
d
w

a
te

r 
m

o
d
e

ls

e.g., Aquality App



GEF ID# 9687
Component 2: data collection with AI Large Language Models

GEOLOGY

Structured data from images

EXAMPLE GEOLOGY: BORELOGS

Tested on ~500 borehole images from New Zealand, 

provided by Utrecht University



GEF ID# 9687
Component 2: data collection with AI Large Language Models

From extracting groundwater salinity from articles (pdfs)

To groundwater salinity maps

SALINITY


